Abstract-Gearless hydraulic wind power transfers are considered noble candidates for wind energy harvesting. In this method, high-pressure hydraulics is utilized to collect the energy of multiple wind turbines and transfer it to a central generation unit. The mathematical model of the gearless wind energy transfer system is described in the previous literature. This paper determines the stability of the mathematical model by careful assessment of the state-space representations of the model of the hydraulic system. The existence of limit cycle is investigated for the nonlinear model and the equilibrium point of the system is calculated. The results show that both linear and nonlinear models are stable.
INTRODUCTION
HE development of advanced efficient technologies to harvest renewable energy sources have economically substantiated these sources as notable alternatives to fossil fuels. These novel technologies are considered a fast emerging solution to address the concerns associated with fossil fuels due to their exhaustion and progressively environmental concern of hydrocarbon pollutants [1] , [2] . Additionally, recent studies attest the prospect of renewable energy sources to potentially fulfill the entire world energy demand [3] .
Conventional horizontal axis wind turbines (HAWT) consist of a rotor to convert the wind energy into rotating shaft [4] . This rotor is connected to a drivetrain, gearbox, and electric generator, which are integrated in a nacelle located at the top of tower. These components, specifically the variable speed gearbox, are expensive, bulky, and require regular maintenance, which makes the wind energy production expensive. In addition, locating the gearbox and generator at such height encounters high expenses associated with maintenance. Furthermore, power electronic converters are required to provide reactive power for the generator and to provide AC power for the grid. Operation of such system is costly and requires sophisticated control systems. Moreover, placement of the gearbox and generator at top of the tower requires expensive maintenance and replacements. While the expected lifetime of a utility wind turbine is 20 years, gearboxes typically fail within 5-7 years of operation and this replacement cost accounts for approximately 10 percent of the turbine installation expenses [5] .
In order to address the shortcomings associated with the conventional wind energy transfer system, a hydraulically connected energy transfer is proposed [6] [7] [8] [9] . In this method, the gearbox is replaced with a hydraulic pump, which is coupled with the wind turbine to generate high-pressure hydraulic fluid in the system. This flow can be used to drive a number of generators shown in Figure 1 . When controlled, the hydraulic flow is distributed between two hydraulic motors coupled with electric generators to supply electric power to the grid. Unlike traditional wind power generation, this technique integrates many of the individual tower equipment into a central energy generation unit. This reduces the cost of power generation and maintenance. The gearless configuration also allows for collecting of energy of multiple wind turbines into a central generation unit.
The new wind energy harvesting technique incorporates all the disseminated power generation equipment on individual wind towers in a larger central power generation unit. With the introduction of this new approach, the wind tower only accommodates a hydraulic pump to flow the hydraulic fluid through high-pressure pipes. The gearbox is eliminated and the generator can be located at ground level. This will result in enhanced reliability, increased life span, and reduced maintenance cost of the wind turbine towers. Other benefits of this technique include high-energy transfer rate and reduction of the size of the power electronics. Earlier research has shown the possibility of using this type of power transfer technology in a wind power plant [10] [11] [12] [13] . To understand the dynamic behavior of the hydraulic wind energy, a mathematical model of the system is required. The mathematical modeling of the gearless wind energy harvesting system is described in detail in [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The statespace representation of the mathematical model is described in [10] and [12] for both the linear and the non-linear system. This paper studies the stability of the model of the wind energy transfers. The state-space representations of the hydraulic system are analyzed in detail to assess their stability.
III. HYDRAULIC WIND ENERGY TRANSFER SYSTEM
The hydraulic wind power transfer system consists of a fixed displacement pump driven by the prime mover (wind turbine) and one or more fixed displacement hydraulic motors. The hydraulic transmission uses the hydraulic pump to convert the mechanical input energy into pressurized fluid and hydraulic hoses and steel pipes are used to transfer the harvested energy to the hydraulic motors [17] .
A schematic diagram of a wind energy hydraulic transmission system is illustrated in Figure 1 . As the figure demonstrates, a fixed displacement pump is mechanically coupled with the wind turbine and supplies pressurized hydraulic fluid to two fixed displacement hydraulic motors. The hydraulic motors are coupled with electric generators to produce electric power in a central power generation unit. Since the wind turbine generates a large amount of torque at a relatively low angular velocity, a high displacement hydraulic pump is required to flow high-pressure hydraulics to transfer the power to the generators. The pump might also be equipped with a fixed internal speed-up mechanism. Flexible highpressure pipes/hoses connect the pump to the piping toward the central generation unit. The hydraulic circuit uses check valves to insure the unidirectional flow of the hydraulic flows. A pressure relief valve protects the system components from the destructive impact of localized high-pressure fluids. The hydraulic circuit contains a specific volume of hydraulic fluid that is distributed between hydraulic motors by using a proportional valve.
The operation of the hydraulic system, shown in Figure 1 , could be classified into two categories for study and validation objective, namely natural flow split, and forced flow. In the first configuration, the proportional valve is excluded from the hydraulic circuit, and the flow generated by the hydraulic pump is distributed between two motors based on their natural properties, i.e. damping coefficient, inertia, the hydraulic circuitry, and geometric characteristics of the system. In the forced flow configuration, the flow distribution between the motors is enforced by the position of the proportional valve. Figures 2 and 3 demonstrate the operating configurations of the hydraulic system. In the next section, the governing equations of the hydraulic circuit are obtained.
IV. THE STATE-SPACE MODELING
This section represents the mathematical model of the system in state-space representation for both of the operating configurations. The nonlinearities in the system are a result of the discrete system components, namely proportional valves, variable leakage coefficients, and discrete safety valves. These nonlinearities are incorporated in the nonlinear state-space model. The linear state-space model describes the hydraulic system in natural flow split configuration. In order to analyze the model stability and locate the resonances, the linear statespace model of the system is transformed into transfer function representation and the stability of the transfer functions from every output to the system input are evaluated. Additionally, the stability of the non-linear mathematical model is discussed. The nonlinear model represents the forced flow configuration model of the hydraulic system.
The dynamic model of the hydraulic system is obtained by using the governing equations of the hydraulic components in an integrated setup. The governing equations of the hydraulic
The general linear state-space model of a system is represented by
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where x is the state vector, y represents the output vector, U is the input vector, A denotes the input matrix, B is the input matrix, C is the output matrix, and D is the feed-forward matrix. The input to the hydraulic system is ω p , the angular velocity of the hydraulic pump. The state variables are the differential pressure, the primary motor angular velocity, and the auxiliary motor angular velocity. The state-space representation of the hydraulic wind energy transfer system is described in [10] :
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Matrix C is determined based on the outputs of interest. Assuming the system outputs are the differential pressure and the motors angular velocities, the output matric will become
and the feed-forward matrix is 0 D  (6) In general, the nonlinear state-space model of a system is represented as follows
where x is the state vector, y is the output vector, U is the input vector, f(x) denotes an input independent function vector of the states, g(x) is the input dependent function matrix of the state variables, and h(x) is the output function. The inputs to the hydraulic system are ω p the angular velocity of the hydraulic pump, and h i the position of the proportional valve. The state variables are the differential pressure, the primary motor angular velocity, and the auxiliary motor angular velocity. The nonlinear state-space representation of the gearless energy transfer system is demonstrated in [12] 
V.
THE STABILITY ANALYSIS OF THE ENERGY TRANSFER SYSTEM
The state space representation of the linearized system could be transformed into transfer function representation by
where s is the Laplace operator, and I is an identity matrix with the same dimension as A. The state-space representation is transformed to transfer function from every output to the input as following 
The system is stable since all three poles are on the left half of the s-plane. The transfer function shown in Equation 14 represents the system dynamics from the first output, hydraulic pump gauge pressure, to the system input, pump angular velocity. The numerator of this transfer function is solved for s to find the system zeros 
where ω n is the natural frequency of the system, and ξ is the damping ratio of the system. For this particular system Figure 4 to 6 depict the bode diagram of the frequency response function between the system outputs and pump angular velocity. According to the figures, the resonance frequency of the system is at 9.11 rad/sec which is determined by the frequency sat the maximum of the frequency responses. The plots show the magnitude and phase of the response for all three outputs. According to the phase plots, the natural frequency of the system is at the frequency associated with the saddle point of the plots which complies with the theory. Moreover, since the gain margin and the phase margin are within the stability limit for all three plots, the hydraulic system model is stable. 
Consequently, the nonlinear system doesn't have a limit cycle. In order to study the stability of the nonlinear system, a Lyapunov candidate function V is defined. If V is locally 
